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Abstract: Thermo-chemical conversion technologies (incineration, gasification and pyrolysis) have emerged as potential 
technologies for municipal solid waste management (MSWM). This is happening due to the increase of the need for clean and 
sustainable energy as a result of fossil fuel depletion. The increase in municipal solid waste (MSW) generation as well as land 
scarcity for MSW disposal is another reason in raising the potential for thermal technology. Incineration has been the most 
common thermo-chemical technology for solid waste disposal. However, due to environmental concern, gasification 
technology is currently becoming more preferable since it is environmental friendly for MSW disposal as well as energy 
recovery. The aim of this study is to analyze the flue gases obtained from the hybrid fixed bed gasifier during gasification of 
MSW. The fire was initiated by wood charcoal and six kilograms of MSW was fed in the gasifier. The combustion was 
supported by the air supplied by electric blower. The flue gas analyzer, TESTO 327-1 was used to analyze the concentration of 
CO, CO2 and O2. Results show that after 150 minutes of the gasification process, O2 concentration increased by 17.2% while 
CO and CO2 decreased by 0.0% and 3.77% respectively. The experimental results show that, during gasification process the O2 
concentration was increasing with time while CO and CO2 concentration decreased. 




In the developing countries municipal solid waste (MSW) 
generation has increased tremendously due to population 
growth, and changes in life style. This leads to urbanization 
and land scarcity in most of the urban areas, which enforce 
alternative methods for municipal solid waste management 
(MSWM). Thermochemical conversion methods such as 
gasification, pyrolysis, and incineration have become 
potential technologies for MSWM. Among the three 
thermochemical technologies, gasification is considered to be 
more effective due to its high volume and mass reduction as 
well as energy recovery from MSW with less environmental 
pollution [1-3]. This type of technology converts chemical 
elements contained in biomass solid fuel into syngas 
including hydrogen and carbon monoxide [4, 5]. The choice 
of gasification technology is fueled by an increase in energy 
demand as well as depletion of conventional fossil fuel and 
therefore raise the needs for alternative and renewable energy 
sources including biomass wastes [6]. 
MSW is an available biomass that can be gasified to 
generate fuel gases such as carbon monoxide, hydrogen, 
methane and other useful gases [7, 8]. These gases can be 
used to run gas turbines, fuel cells and gas engines for heat 
and power generation. Gasification reactions in the gasifier 
involve the integration of combustion and gasification. 
According to [9-11], this includes chemical reactions such as 
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boudouard and CO oxidation as shown in Table 1. 
Commonly, three types of fixed bed gasifier have been 
developed which are downdraft, updraft, and cross draft. In 
all three types, biomass is fed at the top flowing downward, 
their main difference being on the direction of the 
gasification agent as well as the direction of the produced 
syngas. In the downdraft gasifier, gasification agent is 
introduced about the center at a certain height above the 
throat while producer gas is tapped at the bottom. This 
arrangement provides clean output gases as compared to the 
other two types. The updraft gasifier is arranged in such a 
way that a gasification agent is introduced at the bottom 
flowing upward [12]. This produces gases with high tar and 
moisture content. Alternatively, gasification agent in a cross 
draft gasifier neither flows downward nor upward but across 
the gasifier. This gasifier type can handle biomass with high 
moisture content than the other two types. The main 
objective of this study is to design and develop a hybrid fixed 
bed gasifier (HFBG) consisting of downdraft and cross draft 
gasifier features. 
Table 1. Combustion and Gasification reactions. 
S/N Reaction Reaction name 
Gasifier 
zone 
1 20.5+ =C O CO  Carbon partial combustion Combustion 
2 2 2+ =C O CO  Carbon complete combustion Combustion 
3 2 2+ =C CO CO  Boudouard Gasification 
4 2 20.5+ =CO O CO  CO oxidation Combustion 
Researchers have carried out several gasifier designs and 
experimental studies on biomass gasification including wood 
pieces and sawdust [4, 13, 14]. However, few have worked 
on the design and experimental studies on a gasifier 
specifically for MSW gasification. Dong [15], carried out the 
MSW pyro-gasification experimental investigation in a 
fluidized bed reactor. In his study, MSW including paper, 
wood, plastics, and food wastes were fed separately and later 
on as a mixture in the reactor under nitrogen, steam, and 
carbon dioxide environment respectively. It was revealed that 
gasification reaction which used steam as gasification agent 
produced a high quality syngas compared to the other two. 
Furthermore, Gao et al [16] conducted an experimental study 
of MSW air-gasification using copper γ-alumina and nickel 
γ-alumina catalysts. It was revealed that as catalyst increased 
it influenced the rate of hydrogen output. However, it is well 
known that using catalyst implies more costs in the 
gasification process. 
Lomasney, Michmerhuizen [17] designed and constructed 
a pilot plant with throatless gasifier. Performance analysis 
was carried out at a maximum attained temperature of 600°C 
and problems such as bridging, air leaks, ash build-up, high 
levels of tar production, insufficient air feed, and a failure to 
reach desired temperatures were encountered. The gasifier 
had to be redesigned with some changes in the feed hopper, 
ash grate, and manifold system. Chawdhury and Mahkamov 
[18] designed and fabricated a small downdraft gasifier JRB-
1 with a capacity of about 6 to 7 kW using stainless steel 
sheet and pipes. The design incorporates a conical tube of 2.5 
mm thick placed at the top part of the gasifier to avoid 
bridging. Also, the design was equipped with stirrer fixed at 
the top cover and connected to the grate by a 15 mm diameter 
shaft. The stirrer was used to stir the glowing charcoal bed in 
the reduction zone and thus helps to prevent bridging. 
However, it was reported that the fuel feeding process was 
difficult due to the position of a stirrer. 
Sivakumar and Ragunathan [19] designed and fabricated a 
5 kWe downdraft gasifier using empirical data. Performance 
analysis was carried out with different throat diameters (60, 
90 and 120 mm). Results indicated that 90 mm diameter had 
better performance efficiency than the other two. However, it 
was reported that carbon conversion efficiency for the small 
throat is always high due to the high temperature attained in 
the reaction zone. The reason for the 60 mm diameter throat 
not having good efficiency was due to bridging. Jayah [20] 
carried out the performance evaluation on the downdraft 
wood gasifier for evaluation of tea manufacturing in Srilanka 
and concluded that more investigation is needed on the 
effects of different throat sizes on the performance of the 
gasifier to determine the optimum throat size. 
It has been revealed that fixed bed gasifiers face problem 
of feed stock flow. It is also difficult to maintain uniform 
operating temperatures as well as to ensure adequate gas 
mixing in the reaction zones. To mitigates the challenge 
associated with feedstock flow in the gasifier, various 
researchers investigated and recommended the use of 
throatless gasifiers [21]. Despite the fact that throatless 
design mitigates the biomass flow problem, it has some 
shortfalls such as lower combustion temperature usually 
below 800°C which results in the increase of tar production 
[22]. 
Dhaundiyal and Gupta [23] reported that throat-less 
downdraft gasifier can overcome bridging and channeling 
problems but this reduces the benefits of having throttle design 
whereas better mixing of gases is achieved at this region. Ojolo 
and Orisaleye [14], reported on their laboratory-scale biomass 
gasifier design that during the gasification process using palm 
kernel shell, bridging problems were experienced. 
Therefore, it can be seen that the main outstanding 
challenge with downdraft throttled gasifier is bridging and 
channeling as reported in most of the presented studies. It 
was also noted that throttled downdraft gasifier produces gas 
with low tar. However, there is outstanding work to be done 
on investigating how the tar breakdown mechanism takes 
place in the gasifier. Moisture content is also a major factor 
that affects gasifier efficiency [24]. In this study, a novel 
MSW gasifier was designed to address moisture content 
problems in the wastes as well as the improvement of tar 
thermal cranking in downdraft gasifiers. 
2. Methods and Design Procedures 
This section present the methodology used to carry out the 
study. The procedure consisted of Gasifier design, fabrication 
of gasifier parts, random collection of MSW and performing 
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experimental analysis. Dimension of gasifier components is 
categorized into two design parameters which are: 
i. Principal design parameters including specific 
gasification rate and area of air nozzle. 
ii. Derived parameters such as diameter of hearth, length 
of zones and number of nozzle [19]. 
According to Zafar [25], downdraft fixed bed gasifier 
thermal capacity ranges between 1 kW to 1 MW. In this study, 
the output of the gasifier was assumed to be 5-10kW. To 
achieve the aforementioned gasifier output the nozzle air inlet 
velocities and angle of inclination for the throat was 
considered to be in a range of 30–35m/s and 45°-60° 
respectively [26]. Design parameters such as gas residence 
time, specific gasification rate, area of air nozzle, hearth 
diameter, throat diameter, nozzle diameter, the number of 
nozzles, length of the combustion zone, length of reduction 
zone and air velocity were determined. These parameters were 
also calculated in the study done by Sivakumar et al, [19]. 
2.1. Power Output 
Thermal output power (TOP) of the gasifier is assumed at 
20 kWth and the energy content (HHV) of MSW at Arusha is 
12 MJ/kg as reported earlier by Omari et al, [27]. These two 
factors were used to determine the biomass consumption rate 
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2.2. Throat Diameter 
Throat diameter was determined by the use of hearth load 
(Bg) using the expression given in equation 2. 
 = 2.5                                        (2) 





 representing the ratio of the amount of producer gas 





/h. Bs is the ratio of dry fuel consumed divided by the 
surface area of the smallest gasifier constriction. The factor 
of 2.5 shown in equation 2 represent the amount of producer 
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Assuming that Bg=0.3, and substituting this value into 
equation 4, the area of the throat was determined. 
2.3. Diameter of Hearth 
The relationship between throat diameter (dt) and hearth 
diameter (dh) is expressed in equation 5 below. 


	= 3.5                                      (5) 
2.4. Height of the Reactor 
As shown in Table 2, the height of the reactor was 
determined depending on the quantity of feedstock to be 
gasified in relation to its density, duration for gasification and 
the flow rate. 
Table 2. Feedstock flow rate. 
S/N Description Values 
1 Density 314.9 kg/m3 
2 Duration 4 hrs 
3 Flow rate 6 kg/h 
4 Total flow 24 kg 
The volume of the reactor was calculated according to 
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The value of reactor volume obtained in equation 6, 
enabled the calculations of the gasifier height. 
2.5. Reduction Zone Height 
The mathematical expression in equation 7 was used to 
evaluate the value of reduction zone height 
./
01
= 2                                       (7) 
After substituting the value of throat diameter into 
equation 7, the height of the reduction zone was obtained. 
2.6. Design of the Nozzle Position 
The position of the nozzle above the smallest cross 
sectional area (CSA) of the throat was based on the 




= 1.6                                 (8) 
2.7. Nozzle Area 
The relationship between the areas of the nozzle to the area 
of throat is given as	
73
7
= 0.07. Therefore, the area occupied 
by the nozzle is 350 mm
2
. If four nozzles are used at the 
throat and one nozzle at the cross draft features, the cross 
sectional area for each nozzle would be 70 mm
2
, hence the 
nozzle diameter is 10 mm at an inclination angle of 10-25. 
2.8. Gasifier Fabrication and Experimental Setup 
2.8.1. Gasifier Fabrication 
The HFBG was fabricated by using stainless steel (SS304) 
materials with thickness of 2 mm for both combustion 
chambers. Other parts of the gasifier were fabricated using 
mild steel sheets with a thickness of 2 mm. The fuel hopper 
has a conical shape and was fabricated from 2 mm thick mild 
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steel materials having top and bottom diameters of 780 mm 
and 280 mm respectively. The hopper height was estimated 
at 250 mm and was coned at an angle of 45° so as to assist 
the flow of feedstock. Four air nozzles at the first combustion 
zone were positioned at 128 mm above the throat and a 
single air nozzle for the second combustion zone was 
positioned at 522.5 mm below the throat. Figure 1 shows the 
configuration of a designed gasifier. 
Reaction zones consist of drying, pyrolysis, combustion, 
reduction, and second combustion which are located below 
the hopper. The gasifier consists of hopper, gasification zone, 
a casing for gasification zone, ash collection tray, gas outlet, 




Figure 1. The gasifier main parts. 
2.8.2. Experimental Setup and Procedures 
The MSW was shredded into small particle sizes of 
approximately 10 mm - 30 mm size in order to facilitate 
easier flow of feedstock at throat and also the heat 
penetration. About 6 kg was fed at the top of the gasifier 
hopper. The fire was initiated by wood charcoal placed at the 
fire grate. The waste flows downward into the drying section 
by gravitational force. The moisture content was removed by 
the heat generated in the first combustion zone. Dry MSW 
from this section flows into the pyrolysis zone thereafter to 
the first combustion zone. In the first combustion zone air 
less than stoichiometric amount was supplied by an electric 
blower to assist the combustion reaction. The second 
combustion zone is located at the bottom of the gasifier to 
support the combustion of the remaining char. Gasification 
zone is located between the two combustion zones. 
Results were taken and recorded at an interval of every 30 
minutes, by using the flue gas analyzer TESTO 327-1. The 
CO2 and O2 results obtained from the experimental study 
were used to evaluate values of CO by using Karjakin 
diagram shown in Figure 2. 
 
Figure 2. Karjakin diagram [28]. 
3. Results and Discussion 
This section discusses the results obtained from the 
experimental study conducted. The procedure for the design 
of the gasifier involves the finding of various important 
parameters including throat diameter, diameters of the hearth, 
height of the reactor, reduction zone height, diameter and the 
position of nozzles respectively. Design calculations using 
various formulas shown were applied in obtaining different 
gasifier parameters presented in Table 3. 
Table 3. Results of the gasifier design. 
S/N Parameters Results 
1 Throat diameter 80 mm 
2 Throat height 365 mm 
3 Hearth diameter 280 mm 
4 Height of the reactor 1250 mm 
5 Height of reduction zone 160 mm 
6 Hopper inner diameter 280 mm 
7 Hopper outer diameter 780 mm 
8 Hopper height 250 mm 
9 Nozzle diameter 10 mm 
10 Position of the nozzle above the throat 128 mm 
The HFBG was designed based on a thermal output power 
of about 20 kW. At the initial stage, the thermocouple type K 
was used to measure the temperature of the gasifier which 
was found to be 100°C to 300°C. At this stage the quality of 
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the gas was poor because the temperature in the gasifier was 
still low. This is the cold start phase which took about 30 
minutes from when the material was fed into the gasifier. At 
this phase the composition of flue gases was not recorded. 
 
Figure 3. Concentration of O2, CO and CO2 with time. 
After the elapse of the initial 30 minutes, the result 
recorded shows that O2 concentration was increasing with 
time while CO and CO2 were decreasing as shown in Figure 
3. This was evidence that the developed model was viable for 
MSW gasification. 
4. Conclusion 
The study presents the result obtained from the HFBG 
which was designed to deliver 20 kW thermal power, 
particularly for MSW gasification. During laboratory 
analysis results indicated that with time there was an increase 
in oxygen while carbon dioxide, and carbon monoxide, 
decreased. During analysis, data were recorded in the interval 
of every 30 minutes for a period of 2.5 hours. Results show 
that after 150 minutes of the gasification process, O2 
concentration increased by 17.2% while CO and CO2 
decreased by 0.0% and 3.77% respectively. Therefore, this 
novel gasifier is viable for the gasification of MSW. 
5. Recommendations 
The analysis of the study was carried out by investigating 
the trends of CO, CO2 and O2 produced by the hybrid fixed 
bed gasifier. The analysis mostly based on the percent 
concentration of CO, CO2 and O2 produced by the gasifier 
incorporating downdraft and cross draft features. It was 
revealed that the gasification of MSW using the 
aforementioned gasifier was feasible. However, further 
studies on the gases output such as methane, hydrogen, sulfur 
dioxides and nitrogen oxides should be carried out. 
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